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Fight metabolic ratea b s t r a c t
Many insects are tolerant of hypoxic conditions, but survival may come at a cost to long-term health. The
alfalfa leaf-cutting bee, Megachile rotundata, develops in brood cells inside natural cavities, and may be
exposed to hypoxic conditions for extended periods of time. WhetherM. rotundata is tolerant of hypoxia,
and whether exposure results in sub-lethal effects, has never been investigated. Overwintering M. rotun-
data prepupae were exposed to 10%, 13%, 17%, 21% and 24% O2 for 11 months. Once adults emerged, ﬁve
indicators of quality — emergence weight, body size, feeding activity, ﬂight performance, and adult
longevity, — were measured to determine whether adult bees that survived past exposure to hypoxia
were competent pollinators. M. rotundata prepupae are tolerant of hypoxic condition and have higher
survival rates in hypoxia, than in normoxia. Under hypoxia, adult emergence rates did not decrease over
the 11 months of the experiment. In contrast, bees reared in normoxia had decreased emergence rates by
8 months, and were dead by 11 months. M. rotundata prepupae exposed to extended hypoxic conditions
had similar emergence weight, head width, and cross-thorax distance compared to bees reared in stan-
dard 21% oxygen. Despite no signiﬁcant morphological differences, hypoxia-exposed bees had lower
feeding rates and shorter adult lifespans. Hypoxia may play a role in post-diapause physiology of M.
rotundata, with prepupae showing better survival under hypoxic conditions. Extended exposure to
hypoxia, while not fatal, causes sub-lethal effects in feeding rates and longevity in the adults, indicating
that hypoxia tolerance comes at a cost.
 2014 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Because oxygen is critical for cellular processes, the absence of
oxygen is an environmental stressor for many organisms. However,
many insects are tolerant of hypoxic conditions and can adjust to
oxygen levels that are far below ambient conditions. Much of what
is known about insects in hypoxia comes from exposing them to
brief periods of low oxygen to determine the short-term coping
mechanisms (Hoback and Stanley, 2001; Harrison et al., 2006).
However, some insects are able to tolerate hypoxic conditions for
extended periods of time, and are probably exposed to hypoxic
conditions naturally during their lifecycle. For example, habitatssuch as mud ﬂats, underground burrows, natural cavities, and
the insides of other insects are either naturally hypoxic or can
quickly become hypoxic with extended residence (Hoback and
Stanley, 2001). The amount of oxygen present in these environ-
ments can vary widely depending on microclimate (Paim and
Beckel, 1963). Insects that burrow in wood can encounter micro-
enviroments having an oxygen content as low as two percent,
but with concentrations around 15% being more common (Paim
and Beckel, 1963; Anderson and Ultsch, 1987). Although tolerant
of hypoxia, most insects will behaviorally regulate their exposure
to extreme hypoxia and anoxia by moving to microenvironments
that are more favorable (Paim and Beckel, 1964; Haddad et al.,
1997). Thus it is the immobile life stages, eggs and pupae, that
are most likely to be exposed to extended periods of hypoxia.
Insects possess mechanisms for coping with brief periods of
hypoxia. Upon immediate exposure to hypoxia, many insects
compensate for low oxygen levels through abdominal pumping
to increase air circulation in the tracheae (Miller, 1960; Greenlee
and Harrison, 2004; Greenlee et al., 2013). If insects are not able
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(Hochachka and Lutz, 2001; Schmitz and Harrison, 2004). These
proximate coping mechanisms allow insects to survive temporary
hypoxia or even anoxia. When terrestrial insects are exposed to
hypoxia for extended time during development, growth rates, body
size, and survival decrease (Harrison et al., 2006). Therefore, most
insects can cope with brief periods of hypoxia, but prolonged
exposure results in poor condition or death. However, extended
hypoxia has been investigated in only ﬁve species (Harrison
et al., 2006), and the extent that some of the species are exposed
to hypoxia during the normal course of their lifecycle is unclear.
Insects that commonly encounter hypoxia during development
may perform better under hypoxic conditions, having adapted to
that environment.
Megachile rotundata is a cavity-nesting solitary bee that is com-
mercially reared for pollination of alfalfa. In nature, this bee spends
most of its lifecycle encased in a leaf capsule that is embedded in a
tree cavity. In agricultural production, leaf capsules are built in
holes in Styrofoam blocks (Pitts-Singer and Cane, 2011). Female
M. rotundata construct the leaf capsules and provision them prior
to laying an egg inside. During the larval period, the juvenile bee
lives on the maternal provision. If conditions dictate, diapausing
individuals will overwinter as prepupae and development resumes
in the spring following the onset of increasing ambient tempera-
tures. During this entire period, the bee does not leave the leaf-
capsule, only chewing its way out in adulthood to mate and begin
the next generation. It is likely that M. rotundata experiences hy-
poxia at some point during this extended period of conﬁnement.
Resting adult M. rotundata have critical PO2 values that are similar
to what has been observed in other insects (Bennett et al., 2013),
indicating a tolerance for brief periods of hypoxia. Hypoxia
tolerance, as indicated by the critical PO2 value, often varies
depending on life stage (Greenlee and Harrison, 2004; Klok et al.,
2010), and some life stages of M. rotundata have lower critical
PO2s than the adults (Owings et al., submitted for publication).
Whether this bee is tolerant of hypoxia for extended periods of
time and the effect that hypoxia during development has on the
emerging adult remains unknown.
We wished to determine the extent to which M. rotundata is
tolerant of long-term exposure to hypoxic conditions and if such
conditions compromise the performance of emerging adults.
Post-diapause quiescent prepupae were stored at 10%, 13%, 17%,
21% or 24% oxygen, with adult emergence rates evaluated every
month. After 9 months of storage in hypoxia, the quality of emerg-
ing adults was assayed using multiple metrics: body size, ﬂight
performance, feeding rates and longevity. Extended storage under
hypoxia increased emergence rates, with most bees surviving
storage for over 11 months under these conditions. Bees stored
under ambient oxygen levels were dead after 10 months. However,
prepupae experiencing extended hypoxia showed sub-lethal
effects including reduced feeding rates and longevity as adults.
M. rotundata is tolerant to hypoxic conditions during overwinter-
ing, but this tolerance comes at a cost under extended exposure.2. Materials and methods
2.1. Rearing and oxygen treatments of overwintering prepupae
Prepupal M. rotundata were purchased from JWM Leafcutter,
Inc. (Nampa, ID) and arrived on April 5, 2012 in post-diapause
quiescence (Yocum et al., 2006). Bees exposed to hypoxia and
hyperoxia were derived from the 2011 ﬁeld season, were of Cana-
dian origin, and had been stored according to the industry standard
protocol (6 C in constant darkness). Prepupae were kept in their
leaf capsules and maintained in constant darkness at 6 C untilMay 15, 2012 (8 months of storage). Fluctuating thermal regimes
increase life expectance in many insects, and have been
demonstrated to increase survival without sub-lethal effects in
M. rotundata (Rinehart et al., 2011, 2013; Bennett et al., 2013).
We chose to switch quiescent prepupae to a ﬂuctuating thermal
regime prior to the initiation of the experiment because we wanted
expose bees to the oxygen treatment for an extended period of
time without mortality due to thermal stress. In addition, a
ﬂuctuating thermal regime is a better approximation of natural
conditions than static incubation at 6 C. On May 15, 2012,
prepupae were switched to a ﬂuctuating thermal regime (base
temperature 6 C with a daily pulse of 20 C for one hour, with
one hour of transition between temperatures) under ambient
humidity, and remained under those conditions for the experimen-
tal period. Prepupae were incubated in the ﬂuctuating thermal
regime for 4 months prior to introducing the oxygen treatments.
2.1.1. Oxygen treatments
Prepupae were exposed to different oxygen concentrations
beginning on Sept 15, 2012 (after 12 months of storage). Prepupal
bees inside their leaf capsules were randomly assigned to one of
ﬁve treatment groups: three hypoxic conditions (10%, 13%, or
17% O2), one hyperoxic treatment (24% O2), and a normoxic treat-
ment (21% O2). Each group of 792 bees was placed in a modular
incubator chamber (Billups-Rothenberg, Del Mar, CA) that was
then ﬂushed with gases corresponding to their treatment group.
All gases used during the experiment were premixed and certiﬁed
(Praxair Specialty Gases, Hillsdale, IL) prior to the experiment with
their respective percentage of oxygen and the balance nitrogen.
Chambers were ﬂushed twice a week to alleviate the effects of oxy-
gen depletion and carbon dioxide buildup. Based on respiration
rates of M. rotundata pupae stored under similar conditions
(Yocum et al., 2011), CO2 is estimated to have increased no more
than 0.4% between ﬂushes. Assuming pupae are burning fat stores
as a substrate for ATP production and would, therefore, have a
respiratory exchange ratio of 0.7, oxygen levels would have
decreased by only 0.6%, a value much lower than their critical
PO2 (Owings et al., submitted for publication). After 1 month in
the oxygen treatments, and for each month during the 11 months
of the experiment, survival was assayed. Three groups of 24 bees
each were removed from the modular incubators, placed in indi-
vidual wells of 24-well culture plates, and transferred to 29 C with
constant darkness and ambient humidity to initiate development
and eventual adult emergence. Survival was deﬁned as successful
adult emergence from the leaf capsule after 2 months at 29 C.
2.2. Sub-lethal effects in adults
To determine whether extended storage in hypoxia caused
sub-lethal effects, prepupae in the 10% oxygen treatment (hypoxia)
were assayed for multiple measures of bee performance after
9 months under treatment condition. The10% treatment was cho-
sen because those bees had the highest survival rates. Bees from
the hypoxia treatment were compared to 2012 brood, which were
received as post-diapause quiescence prepupae on April 18, 2013,
and transferred to a ﬂuctuating thermal regime on July 1, 2013.
These control prepupae were reared for one year under the same
temperature, light cycle and humidity conditions, but under 21%
oxygen (normoxia). Because the control bees (normoxia) were only
stored for a total of 12 months, they were an entire year younger
than the experimental bees (hypoxia), which had already been
stored for a year prior to the initiation of the 10% oxygen treatment
(see Rearing Conditions above). This unequal comparison was
necessary because normoxic bees for the oxygen treatments (those
reared under 21% oxygen for 9 months after the initial year of
storage) had very low survival. Because the suitable control bees
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stored under hypoxia and bees stored in normoxia that were a year
younger.
To initiate development and adult emergence, prepupae were
removed from the treatment conditions, placed in individual wells
of 24-well culture plates, and transferred to 29 C with constant
darkness. Bees were checked twice daily for emergence from the
leaf capsule. Once adults had emerged, the following metrics of
adult quality were measured.
2.2.1. Emergence weight
Adult bee body mass (mg) was obtained the day of emergence,
prior to exposure to a food source. Emerged M. rotundata were re-
moved from the culture plate wells and directly placed in covered
containers on zeroed balances (Balance: Mettler Toledo, XS105
Dual Range).
2.2.2. Morphometrics
Bee head width from eye to eye and the distance across the tho-
rax between the wing bases (referred to as ‘‘cross-thorax distance’’
throughout) were measured. Bees were stored at 20 C until mea-
surements were taken. Measurements were performed on thawed
bees using a dissection microscope and calibrated digital calipers.
Measurements taken on thawed bees were not signiﬁcantly differ-
ent from measurements taken on fresh, unfrozen bees (paired,
two-tailed t-test, p = 0.0819, N = 12), so all measurements were
made on thawed bees.
2.2.3. Feeding activity
Upon emergence, adult bees were transferred into houses, as
described previously (Bennett et al., 2013). The bee houses were
transparent plastic cups (258.7 ml, 92 mm diameter) with lids.
From the center of the plastic lid hung an inverted glass culture
tube (13  100 mm) containing a 1:1 solution of equal volumes
of sucrose and water. The tube was covered by folded muslin cloth
squares secured with a rubber band to prevent leaking, and fas-
tened to the plastic lid with hot-glue. Bees had ad lib access to a
sugar solution, which was replaced every three days. A rectangular
plastic screen ladder (5.08  3.81 cm) attached to the feeding tube
provided crawling access to the sugar solution. Adult bees were
maintained at 29 C in a 12:12 (day:night) photoperiod. Humidity
was maintained at 75% using a super-saturated NaCl solution kept
in a separate container in the incubator.
M. rotundata feeding activity was observed at ﬁve separate daily
time-points for three consecutive days, starting the second day
after emergence. Each feeding observation lasted for one minute
per bee. Feeding observations were coded using the following
descriptions: inactive, active but not feeding or active feeding.
The extension of the proboscis to touch the sugar solution cloth
constituted ‘‘active feeding’’.
2.2.4. Flight performance
Upon emergence, bees were maintained in individual contain-
ers as described for the feeding study. Only 3–5 days old females
were assessed for ﬂight performance (n = 10 for normoxic-reared
bees; n = 8 for hypoxic-reared bees). We assessed ﬂight perfor-
mance using three criteria: ability to ﬂy, ﬂight metabolic rate,
and ﬂight bout duration, as described previously (Bennett et al.,
2013). The ﬂight chamber was an air-tight glass jar (471 ml, Kerr
jar™, Daleville, IN) with the lid plumbed with metal barbed ﬁttings
(1/800 O.D). Bees were weighed, tethered, and placed in the ﬂight
chamber. Dry, CO2-free air was pushed through the chamber at
1250 ± 2 ml min1. Animals were allowed to acclimate to the
chamber for 10 min before ﬂight recording. By this time, the cham-
ber was completely ﬂushed. Tethered bees were stimulated to ﬂy
by removing a stage from their tarsi. Bees ended their ﬂight boutsspontaneously, at which time the stage was replaced under the tar-
si. Bees were re-stimulated to ﬂy by removing the stage again. CO2
emissions from the animal were detected using an infrared CO2
analyzer (LiCor, Lincoln, NE). Analog signals were digitized and re-
corded using a data acquisition system (Expedata hardware, UI-2)
and software version 1.4.16 (Sable Systems, Las Vegas, NV). The
average signal-to-noise ratio (average p.p.m. CO2 in excurrent air
relative to peak-to-peak system noise) was 271:1. Beginning and
ending of ﬂight bouts were marked in the digital recordings by
pressing a foot pedal that emitted a voltage signal to the data
acquisition system. Flight CO2 emission rates were recorded from
three ﬂight bouts per bee. We considered a bout to be ﬂight if bees
exhibited normal ﬂight behavior. Bees that kicked or did not beat
their wings when given the ﬂight stimulus were considered unable
to ﬂy. The average of the CO2 emission rates from each individual’s
three ﬂight bouts was used as the statistical sample. Flight bout
duration was calculated from the foot pedal signal. Weight, head
width and cross-thorax distance were measured the same day as
ﬂight performance.2.2.5. Adult longevity
Once adults had emerged from the brood cell, they were placed
in individual containers as described for the feeding activity study.
Adults were checked daily for signs of life. Individuals were
recorded dead if a gentle prod to the abdomen using blunt-end
forceps did not elicit abdominal pumping or movement of
appendages.2.3. Statistical analysis of feeding activity
Feeding activity data was analyzed using generalized linear
mixed models. At each observation point, bees were observed to
be either inactive, active but not feeding, or active feeding. These
three categories were nested for statistical purposes so that activ-
ity level was analyzed separately from the feeding analysis, which
only included active bees. If individuals died during the course of
the experiment, then only the time points during which they were
dead were excluded. Generalized linear mixed models (glmm)
were implemented in R (v. 3.0.0) using the ‘‘lme4’’ package that
analyzed activity as a consequence of the ﬁxed effects: oxygen
treatment, day of measurement, and hour of measurement. To ac-
count for between and within individual variances, we included
random effect terms that accounted for repeated measures both
within and between subjects. Sex was included in the model as a
random effect. Because activity data was scored as a binary re-
sponse for each time point, we implemented a logit link function,
and model parameters were ﬁt using a Laplace’s estimation meth-
od. The overall signiﬁcance of each ﬁxed effect was assessed by
comparing a full glmm model with reduced models using likeli-
hood ratio tests that individually excluded each ﬁxed effect term.
Because we were speciﬁcally interested in the effect rearing oxy-
gen levels have on adult performance, we secondarily compared
our null model (no ﬁxed effects) against a model that included only
a ﬁxed effect for treatment using a likelihood ratio test.3. Results
3.1. Survival under hypoxia
Survival was assayed by adult emergence rates. A two-way
ANOVA compared survival by treatment and date, with a post
hoc pairwise comparison using the Holm–Sidak method. The data
passed the tests of equal variance (p = 0.117) and normality
(p = 0.239) necessary for a two-way ANOVA. The post hoc tests
Table 1
Time to emergence. Number of days between the start of incubation at 29 C and
adult emergence from the brood cell, for bees exposed to extended hypoxia or
normoxia during the prepupal stage.
Treatment Emergence Proportion (%) Emergence time (days)
Yes No
Hypoxia (10%) 93 27 77.50 21.74 ± 0.16
Normoxia (21%) 100 16 86.21 26.91 ± 0.23
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and across oxygen treatments for each month.
During the 11 months of the experiment, survival declined
across oxygen concentrations for all treatments except the 10%
oxygen group (Fig. 1). Both oxygen treatment (F4,110 = 91.09,
p < 0.001) and month (F10,110 = 113.75, p < 0.001) signiﬁcantly af-
fect survival to adulthood for bees experiencing different oxygen
treatments during post-diapause quiescence. A signiﬁcant interac-
tion between treatment and month (F40,110 = 15.38, p < 0.001) indi-
cated that survival by treatment depended on the month. The
pairwise comparisons showed that survival rates were the same
across oxygen treatments until 6 months of exposure, when in-
creased mortality began in the 24% oxygen group. By 8 months of
exposure, the 21% oxygen group had signiﬁcantly higher mortality
than all the hypoxic treatments. By the end of the experiment,
mortality was dose-responsive, with signiﬁcant differences
between all three hypoxic treatments. The 10% oxygen treatment
was the only treatment in which survival stayed constant over
the 11 months of the experiment, never dipping signiﬁcantly
below that of the starting population.
3.2. Measures of adult performance
Bees reared in extended hypoxia (10%) were assayed for
sub-lethal effects through a comparison to bees reared in nor-
moxia, which were also a year younger. This unequal comparison
was necessary because the bees reared in extended normoxia
had very low survival rates (Fig. 1). For the statistical analyses,
males were analyzed separately from females because of natural
sexual dimorphism in M. rotundata.
3.2.1. Time to adult emergence
Bees exposed to hypoxia had shorter 29 C prepupae-to-adult
development times compared to normoxia bees, which were also
a year younger (Table 1; t82 = 15.61, p < 0.0001). Male M. rotundata
emerge before females (Pitts-Singer and Cane, 2011), as was the
case here. Males reared in hypoxia emerged approximately 4 days
before normoxia males (t40 = 12.79, p < 0.0001). Females reared in
hypoxia emerged approximately 5 days before normoxia females
(t40 = 14.31, p < 0.0001).
3.2.2. Emergence weight
Emergence weights of M. rotundata did not signiﬁcantly differ
by oxygen treatment (Table 2, Fig. 2A). Males exposed to hypoxia
weighed 29.33 ± 0.57 mg upon emergence and did not signiﬁcantly
differ from normoxia males (27.69 ± 0.89 mg; p = 0.16). Similarly,
females exposed to hypoxia weighed 37.36 ± 1.2 mg upon emer-
gence and did not signiﬁcantly differ from normoxia females
(38.11 ± 1.1 mg; p = 0.65).Fig. 1. Survival rates under different oxygen treatments. Prepupae were stored at ﬁve diff
(A). Every month, survival was assayed by transferring 24 prepupae to 29 C and allowi3.2.3. Morphometrics
Head widths and the distance across the thorax between the
wing bases of male and female M. rotundata were not signiﬁcantly
different between hypoxic and normoxic treatments (Table 2,
Fig. 2B and C). The mean head width was 3.120 ± 0.04 mm for
males exposed to hypoxia, which as not signiﬁcantly different from
males in normoxia (3.101 ± 0.025 mm; p = 0.67). Likewise, female
mean head width was not different between bees exposed to
hypoxia (3.18 ± 0.05 mm) versus normoxia (3.22 ± 0.049 mm;
p = 0.60). Oxygen treatment also had no effect on cross-thorax
distance. The male cross-thorax distance was not signiﬁcantly dif-
ferent for bees exposed to hypoxia versus normoxia (p = 0.27), nor
was a difference observed in females (p = 0.20).
3.2.4. Feeding activity
3.2.4.1. General activity levels. Adult M. rotundata activity varied
between different days and different times of day (Fig. 3,
Table S1). Day and time had signiﬁcant effects on activity level
after accounting for variance within and between individuals
(Table 3). Activity levels declined from between day 1 and day 2
(Table 3: WALD Z-test, z = 3.278, p = 0.00105) and between day
1 and day 3 (Table 3: WALD Z-test, z = 4.453, p < 0.0001). Daily
activity levels were more complicated with a discernible higher
activity period at 13:30 h (Table 3: WALD Z-test, z = 2.782,
p = 0.0054) and a lower activity period at 16:00 h (Table 3: WALD
Z-test, z = 2.899, p = 0.0038).
Oxygen levels did not signiﬁcantly affect adult activity (Table 3:
Likelihood ratio test, X2 = 3.2852, p = 0.0699) in the full model.
There was only a minor difference in the Akaike Information Crite-
rion (AIC) score between a full model that included oxygen level
treatment and a reduced model that excluded treatment (Table 4).
When a model that included only a ﬁxed effect term for oxygen
treatment was compared against a null model with no ﬁxed effects,
there was no statistical difference identiﬁed (Likelihood ratio test,
X2 = 0, p = 1.00). In each kind of statistical model tested, oxygen
treatment had no effect on overall activity levels.
3.2.4.2. Feeding activity. In contrast to activity data, feeding dur-
ing active periods did not have a pattern across days or timeserent oxygen concentrations for 11 months: 10%, 13%, 17%, normoxia, or 24% oxygen
ng them to develop to adulthood (B). Photo in B courtesy of Theresa Pitts-Singer.
Table 2
Body size and longevity under hypoxia. Emergence weight, head width, cross-thorax distance and longevity were measure for males and females.
Sex Trait Treatment n Mean ± SE Test of normality1 Test of difference2
Test stat p Test stat p
Males Emergence weight Hypoxia 32 29.33 ± 0.57 mg K2 0.39 t 0.16
Normoxia 10 27.69 ± 0.89 mg K2 0.95
Head width Hypoxia 10 3.12 ± 0.035 mm K2 0.64 t 0.67
Normoxia 10 3.10 ± 0.025 mm K2 0.63
Cross-thorax width Hypoxia 10 2.45 ± 0.041 mm K2 0.87 t 0.27
Normoxia 10 2.39 ± 0.031 mm K2 0.63
Longevity Hypoxia 31 3.87 ± 0.55 days K2 0.0027 U 0.0044
Normoxia 10 7.50 ± 1.03 days K2 0.39
Females Emergence weight Hypoxia 22 37.36 ± 1.18 mg K2 0.88 t 0.65
Normoxia 20 38.11 ± 1.10 mg K2 0.43
Head width Hypoxia 10 3.18 ± 0.050 mm K2 0.89 t 0.6
Normoxia 10 3.22 ± 0.048 mm K2 0.59
Cross-thorax width Hypoxia 10 2.69 ± 0.050 mm K2 0.95 t 0.2
Normoxia 10 2.59 ± 0.056 mm K2 0.55
Longevity Hypoxia 13 7.31 ± 2.44 days K2 0.045 U 0.0006
Normoxia 10 24.70 ± 2.10 days K2 0.27
1 p-value of less than 0.05 indicates failure of the D’Agostino and Pearson Omnibus normality test.
2 Calculated using either a two-tailed t-test or a Mann–Whitney non-parametric test, depending on the results of the normality test.
Fig. 2. Adult condition after prepupal exposure to hypoxic conditions. Prepupae were exposed to 10% oxygen (hypoxia) or 21% oxygen (normoxia) for 9 months. Adults were
measured for the following: body weight (A), head width (B), cross-thorax distance (C) and longevity (D). The asterisk denotes a signiﬁcant comparison. Whiskers on box plots
denote minimum and maximum values. Summary data is provided in Table 2.
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(Fig. 3; Table 5: Likelihood ratio test, X2 = 2.50, p = 0.29) or hours
(Table 5: Likelihood ratio test, X2 = 3.89, p = 0.43). There was,
however, an effect of oxygen treatment on the likelihood of
feeding during an active period (Table 5: Likelihood ratio
test, X2 = 9.31, p = 0.0022). Bees exposed to normoxia were
signiﬁcantly more likely to be feeding during active periods than
bees that were exposed to extended hypoxia (Table 5: WALD Z-
test, z = 3.515, p < 0.001). Comparing reduced models to full
showed that removing oxygen treatment was the only reduced
model that was signiﬁcantly different from the full model
(Table 6).3.2.5. Flight metabolic performance
Repeated measures ANOVA was used to test for differences in
ﬂight bout duration, since each bee had multiple bouts. Average
ﬂight metabolic rates and morphometric parameters between
normoxia- and hypoxia-reared bees were compared using t-tests.
Three out of eight bees from the hypoxia-reared group were un-
able to ﬂy, while only one out of 10 from the normoxia-reared
group was unable to ﬂy. Body mass between the two groups of
bees did not differ (above, t16 = 1.283, p = 0.218). However, when
we compared masses of only the bees that were able to ﬂy, we
found that bees from the hypoxia-reared group were nearly 15%
smaller than bees from the normoxia-reared group (normoxia
Fig. 3. Activity levels for M. rotundata adults that had been exposed to hypoxia as prepupae. For each adult, ﬁve measurements were made over three days or until death.
General activity levels (A) were compared across treatments, with a separate analysis that examined feeding rates among active individuals only (B). Error bars represent the
standard error of the mean for a proportion. Sample sizes and data summary is provided in Tables S1, S2.
Table 3
Estimates of single parameter values of the full glmm model for the effects of
treatment and time on activity and corresponding z-tests.
Model parameter Estimate Std. error z p
Intercept [10%, d1, 10:00] 1.4138 0.5393 2.622 0.01
Treatment [21%] 1.0937 0.6646 1.646 0.10
Day [2] 0.9698 0.2958 3.278 0.00
Day [3] 1.4110 0.3168 4.453 <0.0001
Hour [11:00] 0.0439 0.1094 0.107 0.91
Hour [13:30] 1.3203 0.4747 2.872 0.01
Hour [14:30] 0.0005 0.4210 0.0001 0.99
Hour [16:00] 1.1712 0.4040 2.899 0.00
86 H. Abdelrahman et al. / Journal of Insect Physiology 64 (2014) 81–89mass = 46 ± 1.9 mg; hypoxia mass = 39.2 ± 1.7 mg; t12 = 2.329,
p < 0.04).
Although body masses varied between the two groups, absolute
CO2 emission rate during ﬂight did not vary between groups(Fig. 4A; t12 = 0.223, p = 0.828). Mass-speciﬁc CO2 emission rate
during ﬂight also did not vary (Fig. 4B; t12 = 1.472, p = 0.167).
Bees from different groups also did not ﬂy for different lengths of
time. We found no difference in ﬂight bout duration across time
of the trial (RM-ANOVA, F1,12 = 0.042, p = 0.841) or with rearing
oxygen (F1,12 = 1.207, p = 0.293).3.2.6. Adult longevity
Adult M. rotundata exposed to extended hypoxic conditions
lived signiﬁcantly shorter lives than bees from the normoxia group
(Table 2, Fig. 2D). Reduced life span was observed in both males
and females exposed to extended hypoxia. The difference was
the most profound in females, in which the adult mean lifespan
was reduced by 17 days (p = 0.0006). In M. rotundata, females
generally live longer than males, as exempliﬁed by the signiﬁcant
Table 4
Comparison of full and reduced generalized linear mixed models that test for the effects of treatments. In each case, a pairwise comparison was made between the full model and
the reduced model using likelihood ratio tests.
Glmm model df AIC BIC logLik X2 p
Full* 31 571.00 704.72 254.50
Reduced (no treatment) 31 572.28 701.69 256.14 3.2852 0.0699
Reduced (no day) 29 580.15 705.24 261.07 13.153 0.0014
Reduced (no hour) 27 583.57 700.04 264.19 20.576 0.0004
Null 24 591.02 694.44 271.51 34.024 <0.0001
* Each reduced/null model was compared against the full model to ascertain the overall effect each model parameter. The reduced/null models included all random effects,
and removed/no ﬁxed effects.
Table 5
Estimates of single parameter values of the full glmm model and corresponding z-
tests for feeding occurrence during active periods.
Model parameter Estimate Std. error z p
Intercept [10%, d1, 10:00] 0.5995 0.3801 1.577 0.11
Treatment [21%] 1.2188 0.3467 3.515 0.0004
Day [2] 0.3471 0.2911 1.192 0.2332
Day [3] 0.4870 0.3061 1.591 0.1117
Hour [11:00] 0.3635 0.3596 1.011 0.3120
Hour [13:30] 0.2316 0.3546 0.653 0.5138
Hour [14:30] 0.4512 0.3958 1.140 0.2543
Hour [16:00] 0.2395 0.4231 0.566 0.5713
Table 6
Comparison of full and reduced generalized linear mixed models that test for the
effects of treatment and time on feeding occurrence. In each case, a pairwise
comparison was made between the full model and the reduced model using
likelihood ratio tests.
Glmm model df AIC BIC logLik X2 p
Full* 31 563.77 686.96 254.50
Reduced (no
treatment)
30 571.08 690.30 255.54 9.3122 0.0022
Reduced (no day) 29 562.27 677.51 252.13 2.4976 0.2868
Reduced (no hour) 27 559.63 666.92 252.89 3.8559 0.4259
Null 24 591.02 694.44 271.51 14.437 0.0439
* Each reduced/null model was compared against the full model to ascertain the
overall effect each model parameter. The reduced/null models included all random
effects, and removed/no ﬁxed effects.
Fig. 4. Flight metabolic rates of adults exposed to hypoxia or normoxia as prepupae.
To be considered a ﬂight bout, bees had to ﬂy continuously for at least 10 s. Most
bees had three ﬂight bouts, which were averaged to get an individual ﬂight
metabolic rate. Two out of 10 control bees only had one ﬂight bout and one would
not ﬂy. We had fewer hypoxia treated bees emerging and only had eight for our
ﬂight experiment. Three out of eight of the hypoxia-treated bees would not ﬂy.
From the bees that ﬂew and met the criteria for ﬂight bouts, neither absolute (A) or
mass-speciﬁc metabolic rate (B) differed with rearing treatment (absolute:
F1,13 = 0.321, p = 0.581; mass-speciﬁc: F1,13 = 2.847, p = 0.117).
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(p < 0.0001). This sexual dimorphism was eliminated under
extended hypoxia (p = 0.7051), because female lifespan was signif-
icantly reduced. In effect, the exposure to extended hypoxia
reduced the female lifespan to that of male bees.4. Discussion
Insects that live in hypoxia prone environments may experience
low oxygen levels for extended periods of time. When reared under
hypoxia, most insects have reduced growth rates, body size and
survival (Hoback and Stanley, 2001; Schmitz and Harrison, 2004;
Harrison et al., 2006). We exposed M. rotundata prepupae that
were in post-diapause quiescence to different oxygen concentra-
tions over 11 months to determine whether this life-stage was
tolerant of hypoxia, and whether extended exposure had any
long-term negative consequences for the adult stage.
M. rotundata prepupae showed a remarkable tolerance for
hypoxic conditions. Individuals were placed into different levels
of hypoxia as post-diapause quiescent prepupae, meaning that
they were in a physiological state consistent with normal overwin-
tering. Prepupae exposed to 10% oxygen showed no decrease in
survival over 11 months. In fact, mortality rates were signiﬁcantly
higher for prepupae in normoxia, indicating that hypoxia extendslifespan compared to control conditions. Essentially, the control
bees in normoxia died, while those in hypoxia survived. Increased
longevity under hypoxia has been documented in adult Drosophila
(Rascón and Harrison, 2010), but this study is the ﬁrst to demon-
strate increased survival rates under hypoxia in a juvenile stage
(as reviewed in Harrison et al., 2006).
Survival under stressful conditions such as hypoxia often comes
at a cost to overall ﬁtness. Although emergence rates were high
after extended exposure to hypoxia, we hypothesized that the
adults would exhibit sub-lethal effects as a result of coping with
low oxygen levels. For example, hypoxic stress may cause bees
use up fat reserves to maintain homeostasis. Weight loss in bees
reduces allocation to developmental processes and reproduction,
resulting in poor performance (Scheiner, 2012) and fewer offspring
(Weissel et al., 2011). Because bees in this experiment were ex-
posed to hypoxia as prepupae, before the developmental demands
of the pupal stage, extended hypoxia could have depleted energy
reserves, resulting in lighter adults upon emergence. Alternatively,
hypoxia could reduce metabolic rate, reducing use of fat reserves.
Adult bees from the hypoxic treatment were compared to bees that
had experience only 8 months of normoxic storage. This unequal
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normoxia had 0% emergence rates. Contrary to expectations,
extended hypoxia did not affect adult weight. Bees exposed to ex-
tended hypoxia took fewer days to emerge from the brood cell, but
the adults had the same weight as control bees upon emergence.
Head width and cross-thorax distance were also the same. The ab-
sence of a size difference was not surprising because the critical
weight determines adult size, and is achieved prior to the prepupal
stage (Nijhout and Williams, 1974; Davidowitz et al., 2003).
Extended hypoxia did not have a sub-lethal effect on weight or
body size.
We hypothesized that extended hypoxia might affect adult per-
formance as measured by ﬂight metabolic rate. One might predict
that performance in normoxia after rearing in hypoxia might be
enhanced, as grasshoppers reared in 10% oxygen had lower breath-
ing frequencies in normoxia compared to hoppers reared in nor-
moxia (Harrison et al., 2006). While no studies that we are aware
of have measured ﬂight performance after rearing in hypoxia, fruit-
ﬂies reared in 10 kPa PO2 had similar activity levels as ﬂies reared
in normoxia (Klok et al., 2010). In our experiment, ﬂight perfor-
mance was similar between animals reared in hypoxia and those
reared in normoxia. Adults exposed to extended hypoxia did not
differ from control bees in metabolic rates during ﬂight or the
length of time they could ﬂy. Three of the experimental bees were
unable to ﬂy, but that was also true of one control bee. Thus,
extended hypoxia did not reduce adult ﬂight performance.
Adult bees rely on nectar feeding to maintain foraging rates
(Abrol, 2006) and adult condition. In contrast to the other mea-
sures of ﬁtness, hypoxic conditions had a detrimental effect on
both feeding frequency and adult longevity. We observed that bees
exposed to extended hypoxia had similar activity levels as control
bees, but spent signiﬁcantly less of their active time engaged in
feeding. Bees exposed to hypoxia did not live as long after emer-
gence as control bees. Similarly, Drosophila reared in 10% oxygen
and switched to 21% as adults has shorter lifespans than those
reared in normoxia (Rascón and Harrison, 2010). In M. rotundata,
the effect of past hypoxia was most profound in females which
had a 70% reduction in total lifespan. Female M. rotundata usually
provision one brood cell each day (Klostermeyer and Gerber,
1969), so a shorter lifespan would mean fewer offspring. In solitary
bees, reduced foraging rates have a detrimental effect on provi-
sioning of offspring (Tomkins et al., 2001; Zurbuchen et al.,
2010), and on pollination services. Females, who do most of the
pollinating, would spend less time visiting ﬂowers to feed and col-
lecting pollen for offspring and cross-pollination. In essence, bees
would cease to be effective pollinators in natural or agricultural
ecosystems.
Our results demonstrate that extended exposure to hypoxia
during post-diapause quiescence increases survival, but the emerg-
ing adults exhibited some sub-lethal effects. Under normal rearing
conditions, M. rotundata spend approximately 8 months overwin-
tering, including true diapause and post-diapause quiescence.
The prepupae in this experiment had already experienced
12 months of overwintering before exposure to hypoxic condition.
Sub-lethal effects were measured by comparison to bees that were
reared in normoxia, which were also 12 months younger. There-
fore, the overwintering period of these control bees was a year
shorter than the bees used in the hypoxia experiment. Age could
be an explanation for the sub-lethal effects in the bees exposed
to extended hypoxia. However, we do not think age alone is the
cause of these sub-lethal effects.M. rotundata stored for 24 months
as post-diapause quiescent prepupae under the same conditions
used in this study (but under normoxia) had adult lifespans that
were not signiﬁcantly different from prepupae stored for the
standard 8 months (Bennett et al., 2013; Rinehart et al., 2013).
Therefore, the sub-lethal effects we observe for adult longevitywere not caused by extended storage alone, but by hypoxia or
the interaction of age with hypoxia.
Based on the results of this study, two main hypotheses are pro-
posed to explain M. rotundata’s remarkable tolerance for hypoxic
conditions during diapause. We propose (1) a physiological
hypothesis in which reduced oxidative stress causes increased
survival under hypoxia, or (2) an adaptive hypothesis in which
overwintering prepupae experience low oxygen conditions so
frequently that they have evolved to tolerate hypoxia. Oxygen is
toxic because of cellular damage caused by reactive oxygen spe-
cies. Under hyperoxia, excessive oxidative stress causes severe
damage and decreased longevity in insects (Sohal et al., 1993;
Agarwal and Sohal, 1994; Rascón and Harrison, 2010). Likewise,
M. rotundata in this study had high mortality under hyperoxia. In
Drosophila, mild hypoxia does not reduce oxidative stress below
levels observed under normoxia (Rascón and Harrison, 2010).
Because hypoxia generally decreases survival (Harrison et al.,
2006), M. rotundata’s low mortality under hypoxia requires an
additional explanation beyond an escape from oxidative stress.
We favor an adaptive hypothesis to explain the hypoxia
tolerance of M. rotundata. It is probable that prepupae commonly
experience extended hypoxia at oxygen concentrations similar to
those used in this study. Measurements from insect burrows in logs
indicate that conditions vary widely, ranging from normoxia to 7%
oxygen depending on the depth of the burrow, the time of year, and
the presence of decomposers (Paim and Beckel, 1964; Anderson and
Ultsch, 1987). Because prepupal M. rotundata are immobile, indi-
viduals are unable to vacate a cavity if conditions become hypoxic.
Also, containment within the brood cell has the potential to
increase hypoxia further, and thus natural selectionwould favor ge-
netic variation for hypoxia tolerance under these concentrations.
Evolution in response to hypoxia has been demonstrated in
Drosophila. Drosophila reared for multiple generations in hypoxia
have both increased tolerance to hypoxia and can survive under
levels of hypoxia that would be lethal in wild-type ﬂies (Harrison
and Haddad, 2011). Increased hypoxia tolerance has been observed
in other insects during diapause (Kukal et al., 1991; Whiting et al.,
1992), and may be a general characteristic of this life stage.
In addition to having implications for the biology ofM. rotunda-
ta, tolerance for extended hypoxia has management implications
for the agricultural production of this species. Under current
management, overwintering prepupae are stored in normoxia for
7–10 months before being switched to warmer temperatures for
emergence and pollination (Pitts-Singer and Cane, 2011). The abil-
ity to store overwintering M. rotundata for longer periods of time
without a decrease in adult condition will provide growers greater
ﬂexibility in when adults emerge following artiﬁcial incubation,
potentially allowing M. rotundata to pollinate more crop species.
Our results indicate that storing M. rotundata under hypoxia may
be a way to extend storage without increased mortality. Although
extended storage in hypoxia resulted in sub-lethal effects, bees
stored in hypoxia were still alive after 11 months in storage,
whereas the normoxic bees were dead. The conditions in this
experiment were extreme, with overwintering lasting almost two
years. Whether shorter periods of hypoxia, such as only a few
months, might improve survival and condition compared to nor-
moxia is worth investigating.
5. Conclusions
M. rotundata has a remarkable tolerance for extended hypoxia,
with post-diapause quiescent prepupae having higher survival
under hypoxia than normoxia. Most investigations of hypoxia in in-
sects focus on survival as themetric for gauging tolerance. Our study
indicates that survival alone does not provide a comprehensive
picture of the effects of periods of hypoxia on long-term ﬁtness.
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oxic exposure: theywere the same size, and had the same ﬂight per-
formance as control bees. But, they did not feed as frequently as
control bees and, perhaps as a result of reduced feeding, had signif-
icantly reduced lifespans. Reduced feeding has profound implica-
tions for overall ﬁtness, but has not been examined in any studies
of hypoxia of which we are aware. This subtle, but signiﬁcant, effect
of past hypoxic exposure warrants more research into the mecha-
nisms underlying hypoxia tolerance.
Our results show both positive and negative consequences of
exposure to different oxygen conditions during post-diapause qui-
escence. On one hand, hypoxic conditions immediately enhanced
survival of individuals in quiescence; on the other, hypoxia during
quiescence reduced adult longevity and feeding behavior. This sug-
gests that the beneﬁt to survival induced by hypoxia trades off
with subsequent adult performance. While tradeoffs can occur be-
tween different life stages, this particular tradeoff is unexpected
because there should be little or no development occurring during
the period in which M. rotundata were exposed to hypoxic condi-
tions. Insects enter quiescent states to buffer themselves from
harmful environments. However, we observed both short and long
term effects of oxygen conditions during and following quiescence.
Rather than being passive pauses in development, diapause and
quiescence may be active periods of physiological plasticity.
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